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ABSTRACT
We present a detailed spectral and temporal study of the intermediate-type blazar ON 231 during the TeV
outburst phase in 2008 June with observations performed by Swift and XMM-Newton. The X-ray flux of the
source, which was significantly dominated by the soft photons (below 3− 4 keV), varies between 27% and 38%
on day time scales, while mild variations were observed in the optical/UV emissions. We found a maximum
soft lag of ∼ 1 hr between the UV and soft X-ray band which can be understood if the magnetic field of the
emitting region is ∼ 5.6 δ−1/3 G. The 0.6 − 10 keV spectra can be well represented by a broken power-law
model, which indicates the presence of both synchrotron and inverse Compton components in the studied X-ray
regime. The synchrotron part of the SEDs constructed with simultaneous optical/UV and X-ray data follows a
log-parabolic shape. A time-resolved spectral analysis shows that the break energy varies significantly between
2.4 and 7.3 keV with the changing flux state of the source, and the similar variations of the spectral slopes
of the two components support the SSC scenario. The synchrotron tail, following a log-parabolic function,
shows that the peak frequency (νp) varies by two orders of magnitude (∼ 10
14 − 1016 Hz) during the event. A
significantly positiveEp−β relation is observed from both SED and time-resolved spectral analyses. The most
feasible scenario for the observed trend during the flaring event could be associated with a magnetic-field-driven
stochastic process evolving toward an equilibrium energy level.
Keywords: galaxies: active — BL Lacertae objects: general — BL Lacertae objects: individual: ON 231
1. INTRODUCTION
Blazars are the most extreme class of active galactic nuclei
(AGNs) featuring relativistic jets closely aligned to the ob-
server’s line of sight (≤ 10◦; Urry & Padovani 1995). They
are identified by strong and rapid flux variation across the en-
tire electromagnetic spectrum, strong and variable polariza-
tion, and featureless optical spectra. Their continuum emis-
sions are typically characterized by nonthermal radiation that
is enhanced through Doppler boosting. The large amount of
radiation coming out from blazars is believed to be produced
by fast-moving charged particles inside an often twisted and
inhomogeneous jet.
Corresponding author: Nibedita Kalita
nibeditaklt1@gmail.com
The relativistically boosted broadband spectral energy dis-
tributions (SEDs) of blazars display two broad peaks, or
humps, in the ν − νFν representation. The low-frequency
hump, which lies in the radio to soft X-ray range, is very
well described by synchrotron emission from the jet, while
the high-frequency hump appears in the γ-rays ranging from
MeV to TeV energies (e.g. Padovani & Giommi 1995). To
explain the high-frequency hump, several blazar models have
been developed. Among those, the most commonly in-
voked scenario is the synchrotron self-Comptonmodel (SSC;
e.g., Maraschi et al. 1992; Abdo et al. 2010), i.e, the in-
verse Compton (IC) scattering of synchrotron photons by the
same electrons producing the synchrotron emission in the jet.
Another widely accepted scenario is the external Compton
(EC; e.g., Sikora et al. 1994) model, where external photon
fields emerging from outside the jet (e.g., from the broad-
line region, accretion disk, corona, or even the dusty torus
or cosmic microwave background) get up-scattered by the
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jet electrons. These two models, SSC and EC, are collec-
tively called leptonic models. Synchrotron radiation emit-
ted by highly relativistic protons or muons and photopion
production are another possible explanation for the high-
energy hump, at least for some sources, and are known as
hadronic models (e.g., Bo¨ttcher et al. 2013). Based on the
peak frequency of the synchrotron hump, blazars are clas-
sified into three categories: low-synchrotron-peaked blazars
(LSP), intermediate-synchrotron-peaked blazars (ISP) and
high-synchrotron-peaked blazars (HSP), with those peak fre-
quencies lying in the infrared (νp ≤ 10
14 Hz), optical to near-
UV (1014 Hz < νp ≤ 10
15 Hz), and X-ray (νp > 10
15 Hz)
domains, respectively (see, e.g., Padovani & Giommi 1995;
Fossati et al. 1998; Abdo et al. 2010). In the past couple of
decades, this blazar classification has been widely used, as
it seems to provide a more physical and fundamental catego-
rization for the extragalactic objects than the alternative sepa-
ration of blazars into BL Lacertae objects and flat-spectrum-
radio-quasars.
With highly sensitive detectors and advanced observing
facilities, a small population of blazars has been detected at
extremely high γ-ray energies, E > 100 GeV. These blazars
are popularly known as TeV blazars (e.g., Tavecchio et al.
1998; Neronov & Vovk 2010; Tavecchio et al. 2011). Ini-
tially, most of these sources were identified as high-peaked
BL Lac objects at relatively low redshifts, but recently a
small number of ISP and LSP blazars have been found to
emit in TeV ranges (e.g., Acciari et al. 2008; Albert et al.
2007; Anderhub et al. 2009; MAGIC Collaboration et al.
2018). Study of these particular types of blazars is im-
portant to constrain the emission mechanisms such as par-
ticle acceleration and cooling and also to indirectly probe
the extragalactic background light (EBL, Biteau & Williams
2015). It is only the TeV radiation that unambiguously tells
us that the electrons inside the jet are accelerated to high
energies (HEs) (∼ TeV) with jet Doppler factors > 10
(Dondi & Ghisellini 1995). These electrons later cool off
by emitting TeV photons; otherwise, γ-rays cannot escape
the source owing to the severe internal photon–photon pair
production process in the radiation field present near the ori-
gin (e.g., Krawczynski et al. 2002; Begelman et al. 2008).
These objects are violently variable in both temporal and
spectral aspects across the entire electromagnetic spectrum
(e.g., Ghisellini et al. 2009; Paliya et al. 2015; Gupta et al.
2016), making them prime objects of interest in exploring
blazar phenomena.
ON 231, also known as W Comae (z = 0.102), was the first
TeV-detected ISP blazar (Nieppola et al. 2006; Abdo et al.
2010). The detection was made by VERITAS in 2008 March
when the source went into a very high γ-ray outburst phase
(Acciari et al. 2008). The broadbandSED of the source in the
flaring state could be described by either EC or SSC models
(Acciari et al. 2008, 2009). The source entered into a second
outburst state in June of the same year, when the γ-ray flux
was found to be higher than the previous one by a factor of
three (Acciari et al. 2009). The detection triggered a multi-
frequency campaign to observe the source in different wave-
lengths with different ground- and spaced-based telescopes.
The observations that we have used in this work were carried
out as part of this second multiwavelength campaign. A 237◦
rotation of the optical polarization angle during the second γ-
ray outburst was reported by Sorcia et al. (2014), where the
maximum estimated polarization degree was∼ 33.3%. They
also estimated the jet angle as ∼ 2◦ and magnetic field as
∼ 0.12 G by assuming that the photons are emitted as a re-
sult of shocks in the jet. In their study, the authors suggested
that the optical- and γ-ray emitting regions could be cospa-
tial.
The GHz VLBI images of the source taken in 1998 re-
vealed two-sided emission where bends in the jets were also
observed (Massaro et al. 2001). During its optical outburst
in 1998, ON 231 showed rapid flux variability on time scales
of hours (Massaro et al. 1999). In the X-ray frequencies,
the source was first detected by Worrall & Wilkes (1990)
with the Einstein satellite. After its detection, ON 231 has
been observed with different X-ray satellites from time to
time to investigate its continuum properties and in order to
classify the object. BeppoSAX observations during that ma-
jor optical outburst in 1998 revealed that the X-ray spec-
tra have a concave shape, which was described by a bro-
ken power-law (BPL) model with upward turns at 2.5 and
4 keV (Tagliaferri et al. 2000). They also observed fast flux
variations below 4 keV, but no significant variations above
that energy. The authors interpreted their findings in the
framework of SSC models. Similar results were reported by
Donato et al. (2005) in 2005 with BeppoSAX observations.
A recent study by Wierzcholska & Wagner (2016) also ob-
served the superposition of the two components in Swift X-
ray telescope (XRT) spectra, where the break energy varies
between 1.2 and 4 keV, depending weakly on the source
flux state. They also found that the synchrotron flux varia-
tions are stronger than that of the Compton flux. However,
in some studies, the shape of the X-ray spectra was found
to follow a single power-law (PL) model without any clear
upturn at HEs (Comastri et al. 1997; Massaro et al. 2008).
Such spectra were generally observed during fainter states
of the source. In those studies, the absence of an HE upturn
might be because the crossing energy of the two components
lies outside the energy sensitivity limit of the satellites used
for X-ray observations (Tagliaferri et al. 2000; Massaro et al.
2008).
The motivation of this work is to investigate thoroughly
the X-ray spectral evolution and different variability proper-
ties of this ISP blazar in its outburst state. It is important
3Table 1. Details of Swift & XMM–Newton observations
Observatory Date ObsID Orbit Modea Exposure Pileup Mean Counts Fluxb Fvar
c
(UT) (ks) (s−1) (×10−12erg cm−2 s−1) (%)
Swift–XRT 2008 Jun 7 00031219001 ... PC 8.96 No 0.61±0.13 14.62±0.43 36.49±2.30
2008 Jun 9 00031219002 ... PC 5.09 No 0.13±0.04 2.35±0.21 15.73±9.09⋆
XMM–Newton 2008 Jun 14 0502211301 1559 Small 28.20 No 7.02±0.33 12.97±0.11 38.02±0.28
EPIC-pn 2008 Jun 16 0502211401 1560 Small 16.10 No 4.67±0.28 8.74±0.06 27.48±0.47
2008 Jun 18 0502211201 1561 Small 11.40 No 4.82±0.28 9.34±0.09 27.63±0.55
Notes: a Operation mode & window mode used for observations, respectively, bAbsorbed 0.3–10 keV flux estimated using a power-law
model, c Fractional variability amplitude. ⋆ Due to the poor statistics of this observation, the estimated Fvar has a large error, and we therefore
do not discuss this result in the text.
to note that the ISP blazars are the connecting link between
the high- and low-energy-peaked blazars, thus, their study
might reveal information that can help us to understand the
blazar phenomenon as a whole. In this paper, we present a
detailed temporal and spectral study of the blazar ON 231
with Swift and XMM–Newton observations taken during the
outburst phase in 2008 June. In Section 2, we briefly de-
scribe the data analysis method adopted in this work. In Sec-
tions 3 and 4, we explain the time-averaged X-ray spectral
analysis and the SED analysis, respectively. Section 5 gives
the temporal analysis of the event, and Section 6 includes a
time-resolved X-ray spectral study. We discuss the results
and summarize our findings in Section 7.
2. OBSERVATIONS AND DATA ANALYSIS
2.1. XMM–Newton’s EPIC-pn data
XMM-Newton monitored the blazar on 2008 June 14− 18
in three consecutive periods, as part of a multiwavelength
campaign triggered by the detection of enhanced γ-ray emis-
sion from the source. Here we used X-ray data only from the
EPIC-pn detectors owing to their better sensitivity over the
MOS detectors. To reprocess the raw data files, we applied
the standard pipeline by using the Science Analysis Software
(SAS; Gabriel et al. 2004) version-17.0.01 and the latest cal-
ibration files2.
First, we checked the strength of high particle background
on the data by extracting a light curve (LC) for the energy
range of 10− 12 keV, and then we generated a data file with
good time intervals free from high-background. We removed
the high-background time intervals having a count rate larger
than 0.4 counts s−1. The cleaned event files were gener-
ated by using both single and double events with the con-
ditions (PATTERN ≤ 4), energy range 0.3− 10 keV, and
(FLAG=0) with 100 s binning. The pileup effects were ex-
1 https://www.cosmos.esa.int/web/xmm-newton/sas
2 https://www.cosmos.esa.int/web/xmm-newton/calibration
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Figure 1. The 0.6 − 10 keV average X-ray spectra are displayed
with data-to-model ratios for three different spectral models. A pos-
itive residual in the HE tail is observed while the spectra are fitted
with PL or LP models. The best fit is obtained with an absorbed
BPL model.
amined by using the epatplot routine, and we found that the
data were unaffected by this pileup problem.
To extract the source LCs a circular region of 37′′ cen-
tered on the source was selected, and for background counts
we selected a source-free circular region with a radius of
50′′ on the image, trying to avoid any contribution from the
source. The final background-subtracted source counts were
extracted by using the epiclccorr task. An elaborate descrip-
tion of the X-ray data processing we used can be found in
Kalita et al. (2015, 2017). In all the observations, the EPIC-
pn detectors were operated using the small window mode
with MEDIUM filters. The details of the observations are
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Figure 2. Left: Swift–XRT data taken on 2008 June 7− 9. Right: XMM–Newton data taken on 2008 June 14. In both, from top to bottom, the
panels show: background-subtracted total, soft-band, and hard-band LCs, and the temporal evolution of the hardness ratios, respectively, for a
data bin size of 100 s. A softer-when-brighter behavior is evident after 7.65 (+54624MJD).
summarized in Table 1 and one of the resulting LCs is shown
in the right panels of Figure 2. Flux corresponding to each
observing epoch was measured by fitting a PL model to the
0.3 − 10 keV spectra, and those values are listed in column
(9) of Table 1.
For the source and background spectra, a spectral bin size
of 5 was considered with both single and double events in
the energy range 0.3 − 10 keV in order to have at least 25
counts per energy bin. The detector response files (rmf) were
generated using the SAS task rmfgen. The final background-
subtracted spectra were extracted using the task grppha.
2.2. Swift–XRT data
We collected data from the XRT (XRT; Burrows et al.
2005) on board the Neil Gehrels Swift Observatory (here-
after Swift; Gehrels et al. 2004), which operates in the en-
ergy range of 0.3− 10 keV to monitor transient events. Data
were reduced using the software XRTDAS, built in HEAsoft
package. All the observations used here were performed in
Photon Counting (PC) mode, selecting the grades 0 − 12.
The PC mode is generally used for faint objects having count
rates < 1 s−1, as was the case here. Event files were gen-
erated by applying the task xrtpipeline and using the most
recent calibration files. To extract the source spectrum, we
used an annulus region with an inner radius of 3 pixels and
an outer radius of 30 pixels in order to avoid photon pileup.
For the background spectrum, a source-free circular area with
a radius 40 pixels was selected, adopting these values from
Acciari et al. (2009). Details of the Swift observations are
given in Table 1 and LCs are given in the left panels of Fig.
2.
2.3. Optical Monitor (OM) data
The OM (Mason et al. 2001) on board XMM–Newton was
operated in both imaging and fast photometry modes during
the whole event. The imaging mode is especially used for
obtaining the spatial resolution of an X-ray object. On the
other hand, the fast mode is used for collecting optical/UV
photons with high time resolution, and so it is very useful for
monitoring rapidly variable sources such as blazars.
Several exposures were collected in the optical band, U
(λrange = 3000 − 3900 A˚) and in the UV band (λrange =
2450 − 3200 A˚). We reprocessed these data with the perl
script omichain to get the observation source list that contains
the calibrated photon counts and their corresponding errors.
We extracted the fast-mode time-series data by using the task
omfchain. The default binning was 10 s, which was used to
estimate the strength of the variability. For the optical and
UV LCs plotted in Fig. 3, the binning was changed to 100 s
for comparison to the X-ray LCs binned at that interval. The
optical/UV spectra were extracted from photometric obser-
vations using the task om2pha in order to analyze in XSPEC.
The exact coordinates of the source were determined by per-
forming interactive photometry in OM images using the tool
omsource. These spectra were used in broadband SED anal-
ysis with the corresponding canned response files for each
filter. The details of the optical/UV exposures are summa-
rized in Table 2 and the LCs are shown in Figure 3.
5Table 2. Summary of XMM–Newton’s Optical Monitor observations
Date Filter λaeff Start−End Time Exp. No. Total Exp. Count Rate
b Magnitudec Fdvar
(UT) (A˚) (hh:mm:ss) Time (ks) (s−1) (%)
2008 Jun 14 U 3440 11:56:31−13:09:50 1 4.40 30.18±1.69 14.549±0.004 4.15±0.37
UVW1 2910 13.15.02−19.43.11 5 22.00 14.78±1.20 14.252±0.002 7.68±0.22
2008 Jun 16 U .... 03.34.23−03.54.22 1 1.20 27.73±1.69 14.641±0.007 4.07±0.81
UVW1 .... 03.59.36−08.01.12 5 13.20 12.61±1.11 14.403±0.003 5.29±0.38
2008 Jun 18 U .... 03.26.22−03.46.21 1 1.20 38.58±1.98 14.289±0.007 3.42±0.69
UVW1 .... 03.51.34−06.34.42 5 8.50 16.78±1.28 14.086±0.003 5.48±0.37
Notes. a Effective wavelength of the filters, b Mean count rate, c Average magnitude,
d rms variability amplitude evaluated using 10 s binning of the light curves.
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Figure 3. Optical U–band and UV LCs, extracted from the fast-mode observations of XMM–Newton’s OM are shown in the above plot. The
left, middle, and right panels correspond to the three pointings listed in Table 2. For clear comparisons, the y-axes of optical (green) and UV
(blue) LCs are kept the same for all the observations.
3. TIME-AVERAGED SPECTRA
We performed the X-ray spectral analysis using XSPEC
version 12.8.2 software (Arnaud 1996), available with the
package HEAsoft. We used the χ2 statistic to determine
the goodness of fits to spectra. We performed the spectral
analysis over the energy range 0.6 − 10 keV owing to the
higher quantum efficiency of the EPIC-pn detector in this
range (Stru¨der et al. 2001). Unless stated otherwise, all the
errors quoted are 2σ (90%).
In order to fit the X-ray spectra, we first used a simple
PL model with Galactic absorption. The Galactic hydro-
gen column density was fixed at the neutral H value, NH
= 2.18 × 1020 cm−2 (Willingale et al. 2013). Although we
got acceptable fit statistics, a positive data-to-model ratio was
present above 3 − 4 keV in all the observations, indicating
that a PL model was not sufficient to describe the spectra.
The positive HE tails in the residual plots are clear indica-
tions of the spectra being intrinsically curved. In the case of
blazars, an upward bending of X-ray spectra is most simply
interpreted in terms of synchrotron and IC components both
being present and making comparable contributions. Such
spectra allow us to investigate properties of both the emitting
electron distributions (Tagliaferri et al. 2000; Donato et al.
2005).
To fit the curved spectra, we adopted two models: a log-
parabolic (LP) PL and a BPL model. In both cases, we
fixed the NH value as in the PL fitting. An LP model could
not remove the positive bending of the HE tail. However,
the BPL model significantly improved the fitting by giving
equally distributed residual points around the fixed reference
line. The spectral fits with residuals corresponding to the
three models are shown in Figure 1 and Figure 13, and the fit
statistics are listed in Table 3. We found that the break energy
(Ebreak) evaluated from BPL fitting covers a wide range of
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Table 3. Result of time-averaged spectral analysis (galactic absorption is fixed at NH = 2.18 × 10
20 cm−2)
Observing Model Γ/α/Γa1 E
b
break β/Γ
c
2 N
d χ2r(dof) F
e
0.6−10
Date (keV) (× 10−3) (× 10−12 erg cm−2 s−1)
07/06/2008 PL 2.65±0.07 ... ... 3.64±0.13 0.74 (388) 10.06±0.34
LP 2.55±0.12 ... 0.27+0.28
−0.26 3.69±0.14 0.73 (387) 9.77±0.45
BPL 2.66±0.07 4.26+0.73
−0.64 2.07
+0.82
−0.73 3.64±0.21 0.74 (387) 10.38±0.33
09/06/2008 PL 2.80±0.28 ... ... 0.55±0.49 0.73 (162) 1.42±0.18
LP 2.95±0.40 ... -0.44+0.96
−0.78 0.54±0.04 0.73 (161) 1.51±0.39
BPL 2.89±0.33 2.38+1.45
−1.20 2.37
+1.05
−0.81 0.55±0.21 0.74 (160) 1.49±0.31
14/06/2008 PL 2.75±0.01 ... ... 3.13±0.02 1.04 (542) 8.23±0.07
LP 2.73±0.02 ... 0.06+0.05
−0.05 3.15±0.02 1.03 (541) 8.18±0.09
BPL 2.76±0.01 5.33+2.25
−1.07 2.26
+0.33
−1.78 3.13±0.01 1.03 (540) 8.32±0.13
16/06/2008 PL 2.86±0.03 ... ... 2.06±0.02 1.21 (370) 5.16±0.08
LP 2.89±0.03 ... -0.15+0.09
−0.09 2.02±0.03 1.20 (369) 5.26±0.10
BPL 2.89±0.03 2.68+0.45
−0.32 2.48
+0.14
−0.17 2.05±0.01 1.17 (368) 5.35±0.11
18/06/2008 PL 2.75±0.03 ... ... 2.22±0.01 1.02 (344) 5.82±0.08
LP 2.84±0.04 ... -0.31+0.09
−0.09 2.17±0.03 0.95 (343) 6.09±0.13
BPL 2.79±0.03 3.87+0.67
−0.51 1.73
+0.35
−0.56 2.21±0.04 0.93 (342) 6.22±0.15
Note: a Spectral index for PL/LP/BPL, b Break energy between the two components, c Curvature parameter of
LP/ second SI of BPL fit, d PL normalization, e Spectral flux in the energy range of 0.6–10 keV.
energy, from 2.38 to 5.33 keV. We also found that the syn-
chrotron spectra generally are steeper than the IC spectra,
where their two spectral slopes, Γ1 and Γ2, varied between
2.66±0.07 to 2.89±0.03 and 1.73+0.35
−0.56−2.48
+0.19
−0.17, respec-
tively.
From the above analysis, we observed that the PL and LP
models can fit the spectra below the break, but it was not
clear which model better represents the synchrotron spectra.
So although the BPL model defined the averaged spectra, the
particles producing the synchrotron spectrum might follow a
curved function. To investigate this possibility, we extended
the XMM-Newton X-ray spectra up to the optical wavelength
using OM data and performed spectral fitting, which is dis-
cussed in the next section.
4. SED
We constructed the SEDs at optical/UV to X-ray frequen-
cies using simultaneous EPIC-pn and OM observations. In
order to investigate the true nature of the electron distribu-
tion, we fitted the synchrotron part of the SED from optical
(U-filter, OM) up to the break energy with a simple PL model
and an LP model. We found that the spectra are intrinsically
curved instead of having a straight slope and were well fit-
ted by an LP function. The LP model (Massaro et al. 2004)
which represents an energy-dependent curved spectrum, is
usually described as
F (E) = N
( E
E0
)
−[α+βlog(E/E0)]
. (1)
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Figure 4. The SED of ON 231 in outburst phase with simultaneous
optical/UV and X-ray observations on 2008 June 14. The average
SED is unfolded with an LP model, where the upper limit for the X-
ray frequency comes from the break energy, Ebreak, of the average
spectra.
The reference energy, E0, at which the model normaliza-
tion, N , and photon index, α, are estimated is fixed at 1 keV.
The measure of model curvature, β, can be used to estimate
other quantities of the physical model such as the energy-
dependent photon index and the synchrotron peak frequency,
νp, corresponding to the maximum flux, νpF (νp) (in units of
erg cm−2 s−1), of the SED as follows:
Ep = E010
(2−α)/2β, (2)
7Table 4. Summary of broadband SED fits using a log-parabolic model
ObsID α β N χ2r (dof) F
a
0.05−10 E
b
peak νp F
c(νp) F
d
bol
(×10−3) (×10−12erg cm−2 s−1) (eV) (erg cm−2 s−1) (erg cm−2 s−1)
0502211301 2.70±0.01 0.19±0.01 3.16 1.04 (462) 14.35±0.09 12.75 2.34×10−11 1.47×10−10
0502211401 2.82±0.03 0.21±0.01 2.07 1.48 (304) 9.57 ±0.11 11.72 2.03×10−11 1.19×10−10
0502211201 2.68±0.03 0.14±0.01 2.21 1.44 (308) 10.16±0.12 3.14 2.48×10−11 1.82×10−10
Notes: a SED flux in the energy range 0.05–10 keV estimated from LP fitting, b Peak energy corresponding to the maximum
flux, νp F (νp), of the SED,
c Maximum flux of the SED, d Bolometric flux corresponding to νpeak.
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Figure 5. Relations between SED parameters for the three XMM–
Newton observations. Top panels: curvature parameter against spec-
tral slope (left) and peak frequency (right). Bottom panels: spectral
curvature (left) and peak frequency (right) as a function of model
flux.
and
νpF (νp) = (1.60× 10
−9)NE0Ep
(Ep
E0
)
−α/2
. (3)
Results of the SED analysis are summarized in Table 4 and
an example of the SED fitting is shown in Figure 4. The peak
energies, Ep of the SEDs were estimated in different epochs
using the Eq. (2). Several SED parameters are plotted against
each other in Figure 5 and are discussed in Section 7.
5. TEMPORAL ANALYSIS
X-ray LCs in the energy range 0.3–10 keV, extracted from
Swift–XRT and XMM–Newton’s EPIC-pn pointings, are plot-
ted in Fig. 2. The soft-band (0.3–2 keV) and hard-band (2–10
keV) LCs along with the hardness ratio (HR), evaluated as
HR = hard band count rates / soft band count rates, are also
plotted in the same figure. The optical and UV LCs extracted
fromOM are shown in Figure 3, in the top and bottom panels,
respectively. The vertical solid lines dividing the plot denote
the gaps between the observations (see Table 2).
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Figure 6. Fractional variability amplitude, Fvar , as a function of
photon energy for the XMM–Newton observations. Different pat-
terns of variability are seen during different epochs.
5.1. Flux Variability
The observations listed in Tables 1 and 2 were used to
study the temporal variability of the flaring event. The
strength of variability was estimated using the fractional rms
variability amplitude (Fvar) method given by Edelson et al.
(2002). The average variability amplitude with respect to the
mean flux of an object is given by
Fvar =
√
S2 − σ2err
x¯2
(4)
where σ2err is the mean square error and S
2 is the sam-
ple variance of the time-series data. The uncertainty on
Fvar has been calculated using the Monte Carlo method for
a total n number of photon measurements as described in
Vaughan et al. (2003).
The values estimated using the above equation are tabu-
lated in the last columns of Tables 1 and 2. The Fvar during
the event varied between 27% and 38% with a 100% duty
cycle for the variations.
5.2. Discrete Correlation Function (DCF) Analysis
Based on the break energy derived from time-averaged
spectral fits, we first split the XMM–Newton X-ray LCs into
two main energy bands: 0.3–4 keV and 4–10 keV, which are
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Figure 7. Left: DCF between different X-ray energy bands. A soft lag of∼ −0.40 ks is detected between the 0.3–0.5 keV and 4–10 keV bands
(red curve). Right: DCF representation between the UV and 0.3–0.5 keV X-ray bands, where a soft lag around −1.25 ks is observed.
respectively dominated by the synchrotron and IC compo-
nents. Later, in order to study correlated variability, the low-
energy band was further divided into four bands: 0.3−0.5,
0.5−0.75, 0.75−1, and then 1−4 keV (following Zhang
2010). During the whole event, the overall X-ray emission
was significantly dominated by the soft X-ray photons, with
mean counts ∼ 10 times greater than that of hard emission
(IC component), and this ratio decreased as the outburst de-
cayed. During the whole event, the synchrotron flux varied
between ≈ 41% and 9% while the IC flux varied between
23% and 7%. We notice that the difference of variability
between the soft (synchrotron) and hard (IC) emissions also
decreases with time during the decay of the X-ray flare, be-
coming comparable toward the end of the event. The flux
variability, Fvar as a function of photon energy is plotted in
Figure 6 which shows different patterns for all three XMM–
Newton observations.
The Discrete Correlation Function (DCF; Edelson & Krolik
1988) is one of the best methods to investigate a correlation
between two unevenly sampled time-series data. An advan-
tage of using this method is that it is capable of handling
unevenly sampled data without interpolating it, thus giving
more accurate results with proper error estimation. If we
consider two discrete data trains, xi and yi, then for each
data pair (xi, yi), with 0 ≤ i, j ≤ n, the unbinned DCF
(UDCF) is given by
UDCFij(τ) =
(xi − x¯)(yj − y¯)√
σx2σy2
, (5)
where n is the number of data points and the other symbols
have their usual meanings. Here, each value of UDCFij(τ)
is associated with the time delay, ∆tij = (tj − ti). The fi-
nal DCF values are measured by averaging the UDCF values
Table 5. Summary of DCF analysis
ObsID Energy Band (keV) DCFpeak Time Lag (ks)
0502211301 UVW1 0.87 -3.25 +1.09
−1.12
4−10 0.55 -0.91 +0.34
−0.37
0502211401 0.5−0.75 0.99 0.12 +0.06
−0.05
0.75−1 0.95 0.13 +0.06
−0.06
1−4 0.87 0.39 +0.09
−0.09
0502211201 UVW1 0.88 -1.25 +0.37
−0.51
0.5−0.75 0.96 -0.50 +0.15
−0.20
0.75−1 0.95 -0.72 +0.35
−0.33
1−4 0.90 -0.75 +0.15
−0.21
Note. All the DCF values are estimated with respect to the
0.3− 0.5 keV band. DCFpeak and time lags are estimated by
fitting a Gaussian curve to the DCF data points. In the above
table, we have shown the result for only those measurements
for which DCFpeak > 0.5 or τ> bin size (100 s).
overm number of pairs that lie in the range τ − ∆τ2 ≤ tij ≤
τ + ∆τ2 and are computed through
DCF (τ) =
1
m
m∑
k=1
UDCFk. (6)
A sensible measurement of DCF depends on correct es-
timation of the mean and variance of the time-series data.
In general, these parameters are estimated from the entire
data set, which will be valid only if the data sets used in
the calculation are statistically stationary. However, this is
most unlikely for AGN LCs (White & Peterson 1994). Thus,
for safer estimation of mean and variance, we used only the
data points that contribute to the calculation of the DCF at
any particular τ . If the maximal value of the DCF, DCFpeak ,
is > 0, then the two data sets are positively correlated, and
9a higher peak value represents a higher degree of correla-
tion; however, DCFpeak < 0 represents anticorrelations and
DCFpeak = 0 indicates the absolute absence of any correla-
tion between the data sets.
We used the above method for searching for possible cor-
relations between the optical/UV and X-ray bands and also
between the X-ray sub-bands. To do so, we measured DCFs
between the 0.3−0.5 keV LC and all the other energy bands.
The DCF for 0.3−0.5 keV vs. 0.5−0.75 keV showed a peak
at ≈ 1 with zero time lag in all the observations, as shown in
Figure 7 (black curve). The DCFs for 0.75−1 keV and 1−4
keV follow the same pattern. There is a weak correlation be-
tween the 0.3 − 0.5 and 4 − 10 keV bands, as also shown
in Fig. 7 (red curve), but with a modest but detectable tem-
poral lag. The results of our DCF analyses are summarized
in Table 5. The peak values and time lags were estimated
by fitting a Gaussian model to the DCF measurements. The
original LCs are binned at 100 s and the DCF measurements
are made at 300 s intervals, so any time lags having values
less than 100 s are not considered as significant detection.
From this analysis, we found both soft and hard lags dur-
ing the flaring event. The maximum time delay was detected
between the UV and soft X-ray bands, having a negative lag
of ≈ 1 hr. In Figure 7, the DCF plots for the soft X-ray
band vs. UV, soft- and hard-energy bands are shown. For
clearer visualization of the DCF peak and any corresponding
lag, vertical and horizontal dashed lines are drawn at τ = 0
and DCF = 1, respectively.
6. TIME-RESOLVED SPECTRA
Integrated spectra over a long exposure or covering dif-
ferent and changing flux levels might give misleading re-
sults. Thus, in order to examine the evolution of the X-ray
flares, we performed a time-resolved spectral analysis with
the XMM–Newton observations.
The combined time-series data from XMM–Newton are
shown in Figure 8, from which it is clearly visible that there
were different flux states during the burst phase of the source.
In the figure, the solid lines represent temporal gaps between
the EPIC-pn observations. For comparison, the flux-axis lim-
its are kept the same for all the observations. The first ob-
servation covers the steep rising phase of the main outburst
event, while the second observation records the decaying part
of the event and rising part of a mild (moderate) flare, and
the third pointing starts at a nearly constant level before de-
caying. All of the time-series data were sliced into inter-
vals based on their changing flux patterns, which gave us 10
epochs, shown separated by vertical dotted lines in Fig. 8.
Each interval represents a different phase of the event; it can
represent a stable flux state as seen in the intervals T11 &
T31, or a mini X-ray flare (T12, T13, T14 & T22), or a ris-
ing (T15 & T23) or decaying (T21 & T32) part of high- or
low-amplitude flares.
We repeated the spectral fitting for all the time intervals
mentioned above (with BPL and LP models). We first fitted
the spectra with an absorbed BPL model in order to find out
the break energy where the IC component becomes dominant
over the synchrotron component and also to find the spectral
slope of Compton-scattered spectra. Later, the Ebreak values
were used to set the upper limit for the synchrotron tail. It
is important to note that the bandwidth of a spectrum plays a
major role in constraining the curvature parameter precisely
(Massaro et al. 2004). When we used only the X-ray spectra,
we got a negative value of β for intervals T31 & T32, while
the parameters could not be well constrained for the interval
T12. These points were immediately resolved when we in-
cluded the optical/UV data points to the spectral fits. Thus,
to achieve higher accuracy of this analysis, we combined the
X-ray spectra with the averaged optical and UV data of the
corresponding observations to each of the time intervals. We
then fitted the synchrotron spectra from optical up to Eb with
an LP model to investigate the time-sensitive spectral behav-
ior of the emission component.
Due to the poor statistics at HEs, the photon index of the
IC spectrum could not be well constrained while fitted with
a BPL model. The same behavior was observed during the
historical optical outburst of the source in 1998, reported by
Tagliaferri et al. (2000). The results of these time-resolved
spectral fits are presented in Tables 6 and 7.
In Figure 9, we plot the spectral indices of both compo-
nents and break energies as a function of total X-ray flux (left
and middle panels). A rapid change of the break energy with
respect to the total flux is evident from the middle panel. The
red dashed line represents a linear fit to the data. The relation
between the two spectral components is shown in the right
panel of the figure, which indicates a positive correlation be-
tween the two emission components. Figure 10 shows the
relationships between different spectral parameters and the
synchrotron flux derived from the time-resolved spectral fit
of the synchrotron component only with an LP model. Nei-
ther the spectral index (α) nor the spectral curvature (β) ap-
pears to be related to the synchrotron flux (middle and right
panels of the figure). However, there is a positive correla-
tion between α and β (left panel), as it should be for spectra
having convex shapes. Variation of the curvature parameter
and the flux of the curved synchrotron spectra with respect to
the peak frequency are depicted in Figure 11 and 12, respec-
tively.
7. DISCUSSION AND CONCLUSIONS
In this paper, we presented a detailed spectral and tem-
poral analysis of the TeV-emitting intermediate-type blazar
ON 231 (W Comae) with observations taken by the XMM–
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Figure 8. Temporal evolution of the X-ray outburst event of ON 231 recorded by XMM–Newton in 2008 June. The total LC combines three
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Table 6. Results of time-resolved spectral fitting of the 0.6− 10 keV spectra with a broken power-law model
ObsID Interval Γa1 E
b
break Γ
c
2 N
d χ2r(dof) F
e
total F
f
sync1 F
g
sync2
(keV) (× 10−3) (× 10−12) (× 10−12) (× 10−12)
0502211301 T11 2.61+0.04
−0.04 4.83
+1.32
−0.89 1.63
+0.56
−0.91 1.64 1.02 (256) 4.88 ±0.17 3.85±0.07 4.64±0.13
T12⋆ 2.44+0.12
−0.17 0.89
+0.19
−0.11 2.77
+0.08
−0.09 3.03 0.92 (289) 7.48 ±0.46 6.44±0.09 7.58±0.12
T13 2.82+0.03
−0.03 4.52
+0.60
−0.54 2.38
+0.51
−0.43 3.29 0.92 (254) 8.54 ±0.55 7.31±0.13 8.41±0.19
T14 2.83+0.03
−0.03 5.30
+1.21
−1.31 2.33
+1.06
−1.01 3.89 1.05 (282) 10.01±0.12 8.63±0.12 9.73±0.17
T15 2.79+0.03
−0.03 7.31
−1.21
−1.21 0.94
+0.41
−0.68 4.87 0.96 (306) 12.68±0.06 10.86±0.11 12.53±0.12
0502211401 T21 2.93+0.06
−0.05 2.41
+0.84
−0.84 2.83
+1.04
−1.01 2.41 0.93 (190) 5.96 ±0.09 5.24±0.11 5.91±0.21
T22 2.95+0.05
−0.05 2.80
+0.92
−0.44 2.31
+0.31
−0.47 1.85 1.00 (216) 4.84 ±0.19 4.01±0.12 4.51±0.13
T23 2.82+0.03
−0.05 2.63
+0.76
−0.54 2.35
+0.19
−0.26 1.93 1.08 (228) 5.30 ±0.22 4.31±0.08 4.95±0.13
0502211201 T31 2.79+0.04
−0.04 3.85
+1.01
−1.09 1.82
+0.50
−0.77 2.35 1.04 (275) 6.56 ±0.27 5.26±0.09 6.09±0.11
T32 2.78+0.06
−0.05 3.80
+1.15
−0.89 1.74
+0.49
−0.89 1.98 0.77 (188) 5.58 ±0.16 4.48±0.12 5.21±0.14
Notes. aPhoton index of first PL. bBreak energy between the two emission components. cPhoton index of second PL.
dModel normalization in units of photons keV−1 cm−2 s−1 estimated at 1 keV. e0.6–10 keV model flux in units of erg cm−2 s−1.
f0.6–4 keV Synchrotron flux in units of erg cm−2 s−1. gExtended 0.6–10 keV synchrotron flux in units of erg cm−2 s−1.
⋆ Eb could not be well constrained for interval T12, so we do not quote any result from this fit in the text.
Newton and Swift satellites. Our study was mainly focused
on the major X-ray outburst detected during the TeV γ-ray
outburst in 2008 June. In order to understand the underlying
physical processes, we carried out an X-ray spectral study
in the energy range 0.6 − 10 keV, along with an SED and
correlation analysis using simultaneous optical and UV data.
The averaged X-ray spectra of the ISP blazar during the
flaring event can be well represented by a BPL model as ex-
plained in Section 3. The presence of an upturn in all the
spectra indicates that the crossing point where the IC emis-
sion becomes dominant over the synchrotron emission is lo-
cated within the energy range of Swift/XMM–Newton. Thus,
it allows us to investigate simultaneously both the HE tail
of the synchrotron emission component and the low-energy
side of the IC component. We find that the crossing point,
i.e., the break energy, increases rapidly with the source flux,
varying between 2.38 keV and 5.33 keV during the observ-
ing period (details are listed in Table 3). We find that the IC
spectra were flatter than the synchrotron spectra and the total
X-ray flux was significantly dominated by the synchrotron
emission. Similar trends were found for other intermedi-
ate BL Lacs in previous studies (e.g., Giommi et al. 1999;
Tagliaferri et al. 2000, 2003).
Studies have found that excess of absorption of the soft
X-ray photons might result in a curved spectrum that is not
intrinsic in nature. Apart from the neutral hydrogen column
density in our Galaxy, there could be local gas within the
blazar itself that might cause an excess of absorption of the
soft X-rays. The possible existence of intrinsic gas within
TeV blazars surfaced with the detection of molecular carbon
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Figure 9. Left: the ratio of the soft and hard X-ray spectral indices (SI) against the total flux derived from fitting a BPL to the average X-ray
spectra. Middle: break energy against the the 0.6–10 keV total flux, with the black dashed line giving the least-square fit, showing a positive
correlation between them. Right: variation of the hard SI against the soft SI.
Table 7. Result of time-resolved spectral analysis of the synchrotron component, from optical−Eb with a log-parabolic power-law model
ObsID Int. αa βb Nc χ2r(dof) F
d
sync1 F
e
sync2 ν
f
p
(× 10−03) (erg cm−2 s−1) (erg cm−2 s−1) (Hz)
0502211301 T11 2.71±0.03 0.14±0.01 1.68±0.03 1.22 (240) 3.75±0.07×10−12 4.30±0.08×10−12 7.34×1014
T12 2.66±0.02 0.16±0.01 2.85±0.04 0.95 (272) 6.43±0.08×10−12 7.43±0.02×10−12 2.03×1015
T13 2.69±0.02 0.18±0.01 3.29±0.05 1.07 (246) 7.35±0.10×10−12 8.41±0.15×10−12 3.22×1015
T14 2.68±0.02 0.19±0.01 3.89±0.05 1.22 (278) 8.67±0.11×10−12 9.92±0.13×10−12 4.27×1015
T15 2.64±0.02 0.19±0.01 4.85±0.06 1.21 (306) 10.92±0.14×10−12 12.59±0.16×10−12 5.42×1015
0502211401 T21 2.73±0.04 0.19±0.02 2.39±0.05 1.31 (179) 5.28±0.10×10−12 5.99±0.15×10−12 2.77×1015
T22 2.77±0.04 0.18±0.02 1.85±0.04 1.17 (192) 4.05±0.08×10−12 4.57±0.12×10−12 1.96×1015
T23 2.69±0.04 0.15±0.02 1.94±0.04 1.13 (204) 4.33±0.09×10−12 4.99±0.15×10−12 1.35×1015
0502211201 T31 2.63±0.03 0.12±0.01 2.33±0.04 1.44 (252) 5.33±0.10×10−12 6.24±0.12×10−12 5.73×1014
T32 2.59±0.04 0.09±0.02 1.93±0.04 1.27 (177) 4.49±0.11×10−12 5.35±0.17×10−12 9.83×1013
Notes. a Photon index of the LP evaluated at 1 keV, b β is the curvature parameter of the model, c Model normalization,
d 0.6 − 4 keV synchrotron flux, e Extended 0.6− 10 keV synchrotron flux, f SED peak frequency in Hz.
2.55 2.6 2.65 2.7 2.75 2.8
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0.22
4 6 8 10 12
Flux (x 10 -12  erg s -1  cm -2 )
2.55
2.6
2.65
2.7
2.75
2.8
2.85
2 4 6 8 10 12
Flux (x 10 -12  erg s -1  cm -2 )
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0.22
Figure 10. Left: positive pattern between the curvature parameters and the spectral indices estimated from the time-resolved spectral fitting
with an LP model. Middle and right: variation of the curvature parameters, β, and the spectral indices, α, with the 0.6–4 keV synchrotron flux,
respectively. No clear pattern is observed in the last two panels.
12 KALITA ET AL.
monoxide (CO) in millimetric surveys (Liszt & Wilson 1993;
Fumagalli et al. 2012). The additional absorption due to the
presence of a significant amount of gas could lead to mis-
interpretation of the X-ray spectrum as intrinsically curved
(Furniss et al. 2013). Those authors investigated the topic for
three well-known TeV blazars, including W Comae, using
0.3− 10 keV X-ray spectra and found no evidence for intrin-
sic gas in the source. Based on these studies, we believe that
the spectra studied in this work are not affected by excess
absorption and the curvatures we detected are intrinsic to the
emission region.
In order to investigate the flux and spectral properties
around the synchrotron peak, we have generated SEDs of
the source using simultaneous optical, UV, and X-ray data.
Study of blazar SEDs is useful to understand the emission
mechanisms and is an excellent diagnostic tool to check the
relevance of different existing jet models. Each section of
the multiwavelength SED can provide significant informa-
tion about the corresponding emitting regions. In our anal-
ysis, we have found that the broadband spectra of the flare
follow a curved shape which can be well represented by
an LP function (discussed in section 4). This function has
only three variables and has been extensively used to fit
SEDs of high-energy BL Lac objects owing to its simplicity
(Kardashev 1962; Landau et al. 1986; Massaro et al. 2004,
2006; Tramacere et al. 2011, 2009). A simple explanation
for the origin of log-parabolic energy spectra can be given
in terms of a statistical acceleration process for relativistic
electrons where the probability of acceleration is a decreas-
ing function of electron energy (Massaro et al. 2004). How-
ever, other possible interpretations are present in the litera-
ture (e.g., Tramacere et al. 2007). Generally, curved blazar
spectra reflect radiative aging of the emitting particles that
can be assumed to have a single PL distribution during their
injection. As shown in Section 4 (see Fig. 5a), we find a sig-
nificant relation between the spectral curvature (β) and slope
(α). This is an indication that the LP curved spectra are in-
trinsically related to particle acceleration processes, and this
trend can also be discerned in the time-resolved spectra (Fig.
10, left). It also appears that as the SED peakmoves to higher
energies, the spectra become more curved (top right panel of
Fig. 5).
In this burst event, the source showed very high flux vari-
ation in the X-ray band, with variability amplitudes rang-
ing between 27% and 38% (Table 1), while the optical/UV
emissions showed milder variation, with Fvar ≈ ∼ 4 − 8%
(Table 2). The UV flux of the source changes between val-
ues of ∼ 2.8 × 10−11 erg s−1 cm−2 (taken from Swift-
UVOT; Acciari et al. (2009) and ∼ 2.1 × 10−11 erg s−1
cm−2 (recorded by XMM–Newton–OM), respectively. The
relationship between X-ray variability amplitudes and their
corresponding energies is somewhat more complex than the
usually observed trends. We see three different patterns for
the three XMM observations in Fig. 6. A linearly opposed
trend of the energy-dependent variability is observed at the
beginning, which takes on a curved shape toward the end of
the event. Another important point is that the source emit-
ted substantially more X-rays in soft bands, below 3− 4 keV
(Figure 2), while above that energy the photon flux decreased
to < 1 count s−1.
In our DCF analysis, we found that all the X-ray sub-
bands below the break point, which was generally around
4 keV, are correlated to each other without any significant
time delay. This indicates that photons in these energy
bands were emitted via the same physical mechanisms that
took place in a single region. The emission in the range
0.3 − 0.5 keV that lagged behind the higher-energy emis-
sion at 4 − 10 keV by ∼ 910 s implies that the distance be-
tween these two emitting regions must be small. This type
of lag can be interpreted through synchrotron cooling of the
high-energy electrons from different parts of an inhomoge-
neous relativistic jet: the higher frequencies could be emitted
from the inner and denser parts of the jets, while the lower
frequencies could be emitted from comparatively more dis-
tant and less dense parts or from greater distances from a
shock front (Marscher & Travis 1996). This also may be a
result of material propagating through a rotating helical path
(Villata & Raiteri 1999). However, the degree of correlation
is not very strong, and the lag measurement errors are not
negligible, so this observed weak relation could also be due
to the remnants of synchrotron emission still present in the
IC component (4− 10 keV).
We are viewing blazars nearly directly down the jet, so the
observed variability is generally believed to originate inside
the jet, which is significantly amplified by relativistic beam-
ing. The multiwavelength flux variations in blazars are often
interpreted in terms of shocks traveling down the relativistic
jets pointing close to our line of sight (e.g., Marscher & Gear
1985). Changes of the jet angle, i.e., varying jet direction
with our line of sight (Raiteri et al. 2017) or other geo-
metrical effects occurring within the nonthermal jet (e.g.,
Camenzind & Krockenberger 1992; Gopal-Krishna & Wiita
1992) provide other possible explanations. Apart from
that, accretion-disk-induced fluctuations during advection
of matter into the jet could play an important role in blazar
variability by changing the physical parameters of the jet,
e.g., magnetic field, the velocity of the emitting gas, or
its density. The important point is that, thanks to extreme
Doppler boosting, even a tiny variation in these parameters
may cause a huge difference in the observed emission and
the variability timescale (e.g., Blandford & Ostriker 1978;
Gopal-Krishna et al. 2003). The above discussed scenar-
ios have been successfully used to interpret the synchrotron
emission, which extends up to UV ranges and sometimes up
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to X-ray regimes. The main hard X-ray emission mechanism
in blazars is not the synchrotron process but the IC scatter-
ing of low-energy photons off highly energetic electrons in
a hot plasma. Different models have been used to describe
the observed high-energy emissions in blazars. One possible
scenario is that the soft photons could be Comptonized by an
accretion disk corona residing above the disk or by the rel-
ativistic electrons in the jet (EC or SSC models). However,
the whole picture of X-ray emission in most blazars is still
somewhat fuzzy and demands further investigations.
It is obvious from the SED analysis that the optical/UV to
soft X-ray emissions were generated by a synchrotron radia-
tion process within the jet, and as reported in Section 5.2, we
found soft lags between the UV and low-energy X-ray bands
(Table 5). Zhang (2002) showed that the time lag observed
between different synchrotron bands can provide a way to es-
timate the magnetic field strength of the emitting regions as
follows:
Bδ1/3 = 209.91×
(
1 + z
El
)1/3 [
1− (El/Eh)
1/2
τsoft
]2/3
G ,
(7)
where τsoft is the observed soft lag (in seconds) between
the low-energy (El) and high-energy (Eh) bands (in keV),
z is source’s redshift, B is magnetic field strength in Gauss,
and δ is the bulk Doppler factor of the emitting region. If
we use the maximum time lag from DCF analysis, which is
τsoft ∼ −3250 s between the UV and 0.3−0.5 keV bands, the
magnetic field estimated from the above equation returns a
valueBδ1/3 ∼ 5.67G. A focused SEDmodeling of the 2008
June TeV outburst event with contemporaneous multiwave-
length observations was presented by Acciari et al. (2009),
where they used a quasi-equilibrium leptonic one-zone jet
model (Bo¨ttcher & Chiang 2002). They modeled the broad-
band emission using a pure SSC model and a combined SSC
+ EC model, assuming a Doppler factor of 20, and measured
the magnetic field strength having values of 0.25 G and 0.35
G from the respective models. They found that an SSC+EC
model gives a more satisfactory explanation of the SED and
reported that the external radiation field producing the EC
emission at VHE γ-rays is most likely the IR emission origi-
nating from the dusty torus.
In the case of TeV-emitting blazars, a harder-when-
brighter trend of the X-ray spectrum has been report-
edly observed from time to time (see Pandey et al. 2017;
MAGIC Collaboration et al. 2018, and references therein).
However, we do not see any clear trend between the X-ray
flux and the spectral indices in our time-resolved spectral
study. A shifting of the synchrotron peak frequency by
around two orders of magnitude was observed throughout
the event.
In contrast with other TeV blazars, we have found a sig-
nificant positive correlation between the peak frequency (νp)
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Figure 11. Synchrotron spectra become more curved with an in-
creasing peak frequency of the SED. Data points are extracted from
time-resolved spectral analysis of the synchrotron component.
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Figure 12. Synchrotron peak frequency vs. 0.6 − 4 keV flux gives
a weak positive correlation.
and spectral curvature (β) from both the overall SED (Fig. 5)
and the time-resolved spectral analysis, shown in Figure 11.
In general, the curvature parameters and the peak energies
are anticorrelated with each other (see Massaro et al. 2004;
Tramacere et al. 2007, 2009; Katarzyn´ski et al. 2006, and
references therein), which have been explained in the frame-
work of energy-dependent acceleration mechanisms where
the acceleration probability decreases with the particle en-
ergy (Massaro et al. 2004) or through a stochastic accelera-
tion process of relativistic particles undergoing momentum
diffusion (Kardashev 1962; Tramacere et al. 2007).
The νp − β relation in blazars plays an important role in
understanding the physical mechanisms and parameters gov-
erning the evolution of the particle distribution. The νp–
β trend we observed in Fig. 11 can be explained in the
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framework of stochastic acceleration and cooling processes
(Tramacere et al. 2011), where the magnetic field plays an
important role in the evolution of the spectral parameters.
These authors investigated the evolution of the curvature pa-
rameter of the electron distribution resulting from momen-
tum diffusion in a stochastic acceleration process. Under the
SSC scenario, and assuming that the electrons are injected
into the acceleration region with a quasi mono-energetic
spectrum, they showed that as long as the magnetic field
is weak, the evolution of the particles around the peak is
dominated by the acceleration process, while it is driven by
cooling for higher values of B. In this context, the νp − β
trend observed in Fig. 11 shows the role played by B-field
in the evolution of the particle distribution. In the case
of δ-function approximation of the synchrotron emission
(Rybicki & Lightman 1986), Tramacere et al. (2011) showed
that for B ≤ 0.2 G, the spectral curvature is almost unaf-
fected by the magnetic field and shows a stable value of β
with νp, but for B ≥ 0.2 G, the curvature parameter in-
creases as a function of νp. In our study, we find the min-
imum magnetic field strength near the emitting region inside
the jet to be ∼ 5.67δ−1/3 G from Eqn. (8). If we consider
δ = 20 as Acciari et al. (2009) did in their study, we get
a magnetic field intensity ≈ 2 G, which is higher than the
above threshold value. Thus, the emission during the event
was most likely governed, or at least strongly affected by, the
magnetic field. Another important point that can be drawn
from Fig. 11 relates to the stage of the particle distribution,
as the pattern in the figure is observed when the emission
processes have closely approached the equilibrium energy,
where the acceleration process is fully compensated by the
cooling. From our analysis, we conclude that the X-ray flar-
ing event observed during the TeV outburst likely was driven
by the B-field.
The main findings of this work are summarized as follows
• Swift–XRT and XMM–Newton EPIC-pn and OM ob-
servations have been used to study the X-ray outburst
phase of the ISP blazar ON 231 observed in 2008 June.
• The average X-ray spectra show the superposition of
both the synchrotron and IC components, which can be
well explained by a BPL model. The crossing point,
where the two components contribute equally, varies
rapidly from 2.38 to 5.33 keV with flux.
• Although a BPL model can explain the overall X-ray
spectra, an LP function was required to precisely de-
scribe the synchrotron part of the broadband SEDs.
The spectral curvature and slope are tightly related to
each other, as it should be for a curved electron distri-
bution. During the event, the SED peak shifted by two
orders of magnitude, from ∼ 1014 Hz to 1016 Hz (see
Table 7 and Fig. 11).
• We find significant flux variation on intraday timescales,
with Fvar ranging from 27% to 38% in the X-ray
band. The observed variability was mainly due to the
variation of the synchrotron component. However,
the simultaneous optical/UV fluxes only showed mild
variations.
• All the soft X-ray bands, which are produced by syn-
chrotron emission, were correlated to each other with
zero lag, while a soft lag of −910 s was detected be-
tween the 0.3 − 0.5 keV and 4 − 10 keV bands. A
maximum delay of 1 hr was detected between the UV
and soft X-ray bands, which gives a B-field strength of
∼ 5.67 δ−1/3 G in the jet.
• Time-resolved spectral analysis of multiepoch data re-
vealed that the break energy of X-ray spectra actually
varies significantly from 2.4 to 7.3 keV and the total
flux changes between 4.9 × 10−12 erg cm−2 s−1 and
12.7× 10−12 erg cm−2 s−1.
• Finally, the X-ray outburst of ON 231 in 2008 June
appears to have been a magnetic-field-driven flaring
event where the evolution of the particle distribution
was closely approaching the equilibrium energy via
stochastic acceleration and cooling processes.
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